This paper investigates the opportunities for improving truck fuel economy through the use of a Fuel Cell Auxiliary Power Unit (FC APU) for silent watch, as well as for powering electrified engine accessories during driving. The particular vehicle selected as the platform for this study is a prototype of the Family of Medium Tactical Vehicles (FMTV) capable of carrying a 5 ton payload. Peak stand-by power requirements for onboard power are determined from the projected future digitized battlefield vehicle requirements. Strategic selection of electrified engine accessories enables engine shutdowns when the vehicle is stopped, thus providing additional fuel savings. Proton Exchange Membrane (PEM) fuel cell is integrated with a partial oxidation reformer in order to allow the use of the same fuel (JP8) as for the propulsion diesel engine. The APU system is modeled and linked with the complete vehicle system simulation, and accessory duty cycles are derived for both silent watch and driving. The results indicate six-fold improvements of the silent watch fuel economy with the FC APU compared to main-engine idling, and relatively modest improvements from the mild electrification and FC APU use during the driving cycle. Combined fuel economy benefits calculated over the hypothetical daily military mission with a combined 10 hour highway/local/off-road driving and 10 hour silent watch are 20.1%.
INTRODUCTION
Current truck related research initiatives such as the 21st Century Truck, DOE's Program on Reduction in Parasitic Energy Losses for Class 3-8 Trucks, Future Tactical Trucks Systems and Future Combat Systems call for significantly improved fuel efficiency, while preserving or improving truck mobility and freight carrying capacity. Total fuel consumption of commercial trucks in U.S. is more than 42 billion gallons per year, and in recent years it has been steadily growing. The strong impact of the price of fuel on economy and operational cost of freight fleets stimulates development of fuel efficient technologies. In military applications, the impact of the fuel economy is amplified, due to the fact that much of the present logistics support is devoted to moving fuel. The Army transformation requires ability to operate with an agile, more deployable force and a smaller logistics tail. This translates into a technical goal of improving the fuel economy. Given the complex mission of military trucks, the fuel economy needs to be considered not only during driving, but also for silent watch, i.e. when the truck is parked and the crew performs surveillance or communication tasks. Similarly, about one million heavy duty line haulers have sleeper cabins that require energy for ventilation, climate control and various accessories while the driver is resting. Hence, fuel economy, as well as noise and gaseous emissions generated while providing power for cabin auxiliary (hotel) loads during stops are receiving increasingly more attention in the commercial sector.
The effectiveness of some of the approaches for increasing vehicle fuel economy, previously developed for passenger cars, is limited when applied to heavier vehicles.
Specifically, opportunities for truck mass reduction are limited due to structural constraints, as well as the fact that reduction of truck's weight is typically viewed as one of the avenues for possible increases in payload rating. In addition, medium and heavy trucks are normally equipped with highly-efficient diesel engines.
Consequently, advanced hybrid propulsion systems and reduction of parasitic losses are identified as critical enablers on the technology roadmap to future ultra-efficient truck systems. Electrification of accessories and use of an Auxiliary Power Unit is seen as being particularly effective in reducing parasitics and fuel consumption associated with hotel loads. While fuel cells are considered not to be ready for heavy propulsion, the technology has already been demonstrated on a smaller scale suitable for APU [1, 6] .
Both military and commercial sectors are keenly interested in APUs providing stand-by electric power for on-board devices.
Examples of these advanced technology devices in military trucks include advanced radio communication equipment, navigation systems, GPS, movement tracking systems, night vision systems, cabin ventilation, Air Conditioning (A/C) and Nuclear Biological and Chemical (NBC) protection systems, computers, and displays. The US Army projects the need for up to 10 kW of electric power for various battlefield equipment per Dobbs et al. [1] , while maintaining minimal thermal and acoustic signature. Power for these devices needs to be available during driving as well as when the vehicle is parked, i.e. during a silent watch. Traditionally, the silent watch for military trucks is provided by propulsion engine idling and running the alternator. This forces the engine to operate at a very inefficient regime for extended periods of time, and creates undesirable noise and gaseous emissions. The option of a small ICE or gas turbine APUs allows much more efficient operation, but noise and thermal signature still require very careful management. Hence, the Fuel Cell APU is a very attractive alternative, offering a well rounded trade-off among fuel economy, energy density and low thermal/acoustic signature.
The focus of this work is the feasibility analysis and evaluation of fuel economy benefits of using the Fuel Cell APU to power the electrified engine and vehicle accessories. The particular vehicle selected as the platform for this study is the prototype version of the Family of Medium Tactical Vehicles (FMTV) with a 6x6 drivetrain, capable of carrying a 5 ton payload over a smooth or rough terrain. Fuel economy potential of hybridization of Class VI trucks was addressed in previous simulation studies -see [2, 3, 4] . In particular, work published by Filipi et al. [4] , addressed the selection of the hybrid architecture, presented modeling of the complete vehicle system, and proposed the methodology for sequential optimization of hybrid propulsion system design and power management. The results demonstrated the effectiveness of the hydraulic hybrid (HH) propulsion system in regenerating and reusing the braking energy. Hence, the HH FMTV prototype vehicle is the starting point for the study of the additional benefits provided by the APU. Very high number of FMTVs in army fleets implies high impact of possible future insertion of new technologies into the medium tactical trucks.
The option of using a FC APU has recently attracted a lot of attention and initial studies have shown the viability of 5 kW units for cabin auxiliaries [6, 7, 8, 9] . In parallel, researchers considered opportunities for reducing engine parasitic losses (parasitics) by using controllable, electric engine accessories, e.g. Hnatzuk et al. [10] evaluated the potential for savings through electrification of coolant and water pumps, while Hendricks et al. [11] performed a comprehensive study of the benefits of removing belt-driven mechanical loads, but without addressing the impact of replacing the mechanical loads with electric loads. The work presented here introduces a combined approach, i.e. in addition to using the FC APU for supporting the silent watch requirements, we propose to electrify some of the engine accessories and use the FC APU to power them during driving. This enables accessory control for reduced power consumption and efficient power generation, thus contributing to improved driving fuel economy. The concept is illustrated in Figure 1 . Strategic selection of electrified accessories enables engine shut-down when the vehicle is stopped, thus providing additional fuel savings. The Fuel cell APU system consists of a JP8 Fuel Processor (FP) system, and a Proton Exchange Membrane (PEM) Fuel Cell (FC) system that includes the air delivery, humidification and cooling sub-systems. The reformer of the FP system is assumed to be based on a catalytic partial oxidation process [12] . The PEMFC is sized based on the estimated combined silent watch and engine electrification requirements. The original FMTV battery pack (four 14V 6MTF Lead-Acid batteries) is used to supplement the FC APU power output during fast changes in load demand. The study first surveys the electric and electronic loads from typical cabin devices and equipment aboard the tactical vehicle. Then, we identify a set of accessories that hold a promise of tangible energy savings if decoupled from the engine crankshaft and electrified. Selecting engine oil pump, power steering pump and air brake compressor allows shut-downs of the engine during vehicle stops. Next, modeling and integration of the complete vehicle system is presented, followed by the details of FC APU modeling and control. Silent watch mission profile that captures auxiliary power requirements during a ten hour period is constructed. Duty cycles for engine/drivetrain accessories are devised based on their function and in conjunction with the actions taken during the driving schedule. Then, a sequence of simulations is performed for the silent watch and the vehicle following the representative driving schedule. Finally, conclusions about the fuel economy potential of the proposed concept are given in the last section.
STAND-BY POWER REQUIREMENTS
Auxiliary power requirements on modern trucks are rapidly increasing due to growing demand for electronic equipment, driver protection and comfort.
The projections for future military trucks are based on the plans for army transformation and battlefield digitization. Equipment necessary for digitization of the tactical vehicle includes digital radio systems, navigation systems (GPS, 3D mapping), encryption systems, computer and displays, movement tracking system (MTS), identification friend-or-foe, and driver vision enhancement (DVE) [1] . In addition, Nuclear, Biological and Chemical (NBC) protection requires high-capacity ventilation system for over pressurizing the cabin combined with air/conditioning.
Power for this equipment needs to be available at any time, during driving as well as during extended stand-by periods. The stand-by requirements should be preferably met with minimal noise and thermal emission, hence the term silent watch.
For tactical trucks, such as the FMTV, the estimated peak power requirement for the ventilation, NBC protection and air-conditioning is 3.4 kW. The communication equipment's maximum power consumption is 0.6 kW. It is estimated that the rest of the electronics, such as navigation, MTS, DVE, displays etc., will require another 0.6 kW. This brings the total peak auxiliary power requirement to 4.6 kW. Duty cycles for electronics and other auxiliaries are discussed in the dedicated section given in the latter part of the paper.
There are generally three ways of providing power for auxiliaries during stand-by: discharging batteries, engine idling and running the alternator, and using an Auxiliary Power Unit. The APU can be based on a generator-set powered by a small IC engine, micro-turbine, or a fuel cell.
Batteries found on the FMTV truck (four military batteries) exceed the average size, due to cold start requirements. Nevertheless, their ability to sustain stand-by loads for extended period of time is very limited. The main determining factors are the state-of-charge lower limit that guarantees safe restarting of the engine, and the effect of the depth of recycling on battery life. Dobbs [1] estimates the practical stand-by operation, using only electronics (no A/C), to be up to 30 minutes with two military batteries. This would increase to one hour on the FMTV equipped with four batteries -still far less than the expected length of the silent watch of 4 -10 hours. Hence, on most military vehicles engine idling is used as the source of energy for extended stand-by. Unfortunately, while heavy-duty diesels provide very good efficiency at high loads, their fuel economy is much poorer at idling. Extended idling in cold weather often leads to deteriorated diesel combustion and over-fueling, which can lead to diluting of oil and increased wear. In addition, engine noise emission can not provide the truly silent operation, and its exhaust emission provides unwanted heat signature.
Using an APU with a small IC Engine can dramatically improve the stand-by fuel consumption, but is still accompanied by the noise and thermal signature. The micro-turbine APU is typically less economical and more costly than the ICE APU. This makes the Fuel Cell APU worth exploring.
While this paper focuses on a typical tactical truck, it is worth noting that the total power requirement for the commercial Class 8 vehicle with a sleeper cabin would be very similar. The ventilation and A/C system are comparable, and cabin comfort and entertainment features, e.g. electric coffee maker, refrigerator, hairdryer, TV and video equipment, replace the extensive use of battlefield electronics. Consequently, total standby requirement for a commercial truck is approximately 5 kW [6, 7, 9] . It is estimated that roughly half a million trucks idle between 3.3 and 16.5 hours a day, and 18 states already have anti-idling regulations. Using a Fuel Cell APU would offer similar benefits as in the military application. In addition, availability of the Fuel Cell APUs on dual-use vehicles would enable on-site generation and increase mission flexibility in case of disaster and relief efforts.
ELECTRIFICATION OF ACCESSORIES
The engine/drivetrain accessories enable functioning of the systems critical for safe engine and vehicle operation, such as cooling, lubrication, steering and braking. In the conventional engine/drivetrain configuration all of the main accessories are mechanically driven by the engine. The direct mechanical coupling makes accessory speed dependant on engine speed and severely limits our ability to control its operating conditions. Electrification offers potential fuel savings through accurate control of accessories independent of instantaneous engine speed.
The concept is illustrated using the power steering pump as an example. When the steering wheel is turned, the power steering system provides assist using the pressurized fluid supplied by the pump. The pump is sized so that it can satisfy the required fluid pressure and flow even at low engine speeds. This determines the nominal torque needed to drive the pump. However, as the engine speeds up, the relief valve opens in order to limit the pressure, the torque remains roughly constant, but the consumed power increases almost linearly with speed -see Figure 2 . In addition, even when the pump is unloaded, internal friction losses will cause small, but non-negligible power consumption. If the pump is decoupled from the engine, it can be operated only when needed and always at the most efficient point. In case of the FMTV vehicle, this reduces the peak power requirement from 12.9 kW to only 4.2 kW, as shown in Figure 2 . In addition, the power consumption is reduced from 0.7 kW to zero when there is no steering. Similar reasoning regarding the nominal power consumption can be applied to the engine oil pump, as shown by Hnatczuk et al. [10] . The accessories of the FMTV vehicle that are considered in the analysis and their peak power requirements are as follows: engine fan 26 kW, transmission fluid pump 15 kW, power steering pump 12.9 kW, air brake system compressor 3.7 kW, engine oil pump 4 kW, and engine cooling pump 2 kW. The biggest consumers, e.g. engine fan, are too large for a practical FC APU design.
Prime candidates for electrification were selected considering the ease of implementation and savings that can be provided by allowing engine shut-downs when the vehicle is stopped. Thus, the engine oil pump, power steering pump and air compressor are electrified in the virtual vehicle equipped with the FC APU.
The peak power requirement for the original, mechanically driven components is 4+12.9+3.7 = 20.6 kW.
However, electrifying the same three components reduces the peak requirement to 1.4+4.2+1.2 = 6.8 kW for the reasons explained earlier in this section and depicted in Figure 2 . The APU needs to fulfill this requirement during driving, in addition to the power needed for cabin auxiliaries described in the previous section. Consequently, the total peak power requirement is 11.4 kW. In reality, it is unlikely that all of the accessories will operate at their peak at any given instant in time, and even if this occurs the battery on the vehicle is fully capable of acting as a buffer and covering the short term deficit. Thus, the practical sizing target for the FC APU is set at 10 kW.
VEHICLE DESCRIPTION AND MODELING
The vehicle system is based on the 5-ton standard cargo vehicle from the Family of Medium Tactical Vehicles with a gross vehicle weight of 15,300 kg. It's a 6X6, full time all wheel drive truck, powered by a 246 kW six-cylinder, turbocharged, intercooled, direct injection diesel engine coupled to a 7-speed automatic transmission. For the modeling purposes of this study, the FMTV truck is decomposed into the engine, drivetrain, hydraulics and vehicle dynamics. The schematic of the propulsion of this hybrid vehicle is shown in Figure 3 . Since the emphasis of the work is fuel economy the torque look-up table based engine model is used, rather than a highfidelity thermodynamic model previously used for studies of engine transient response [21] . In the conventional drivetrain, diesel engine drives the vehicle through the torque converter (TC), whose output shaft is then coupled to the automatic transmission (AT), which drives the transfer case (TrC) that equally splits the torque to the front and rear wheels. The front prop-shaft delivers the torque to the front differential (DF). The other output of the transfer case, through the rear-front prop-shaft, delivers power to the inter-axle transfer case (TrCA) that further splits the torque to the two rear axles. The first output of the inter-axle transfer case drives the rear-front differential (DRF) and the other the rear-rear differential (DRR) through the rear-rear prop-shaft. Finally, the torque is delivered to the wheels through the half-shafts. In addition to the conventional components, the drivetrain includes a hydraulic pump/motor (PM), accumulator (A), and reservoir (R) to provide the hybrid functionality. The pump-motor is connected to the transfer case after a fixed speed reduction provided by a gearbox (GB). The pump/motor is connected to the accumulator that stores a high-pressure hydraulic fluid by means of compressed gas. On the other hand, the reservoir stores or supplies the hydraulic fluid used by the pump/motor. The operation of the hybrid drivetrain is controlled by the power management module that determines the operating points of the engine, transmission, and pump/motor based on the power demand and the available hydraulic fluid in the accumulator.
The drivetrain drives the three solid axles of the FMTV truck, which are connected to the chassis with leaf spring suspensions and shock absorbers. Due to the particular focus on fuel economy, the lateral motion of the vehicle is neglected. Therefore, the model assumes left-right symmetry that results in a planar pitch plane model with only three degrees of freedom for the vehicle motion.
The basis for the FMTV component modeling is the previously developed high-fidelity Vehicle-Engine Simulation (VESIM) environment [20, 21, 22] . VESIM has been validated against measurements and proven a very versatile tool for mobility, fuel economy and drivability studies [21] . VESIM emphasizes the high degree of model fidelity and feed-forward logic, thus enabling studies of transient conditions and easy implementation and evaluation of controllers. The model is developed in the 20SIM system modeling and simulation environment that supports hierarchical modeling and allows the physical modeling of subsystems and components using the bond graph formulation [23, 24] . This environment allows easy modification (addition or removal) of model complexity, which makes model development a straightforward task. The model can be easily developed by including only the necessary physical phenomena that contribute to the response of interest, i.e. fuel economy. Model complexity is systematically identified using an energybased model reduction technique [25] .
At the top level of the model hierarchy (see Figure 4) , the engine, drivetrain, hydraulics, and vehicle dynamics are excited by the environment.
One source of excitation is the driver who controls the vehicle velocity through the gas and brake pedal. The cyber driver is modeled as a controller that attempts to follow the driving cycle. Due to the off-road driving of the truck, the other excitation comes from the road, which is usually uneven and prescribes a vertical velocity to the tires at the contact point. The road excitation is applied to the front, rear-front, and rear-rear tires as a function of their longitudinal position. A more detailed description of the complete FMTV model can be found in [4] . As previously described, engine accessories will be considered for electrification due to the potential reduction of parasitic losses and fuel economy improvements. Alternative design configurations will be considered; therefore, models of the selected accessories (air-brake compressor, oil pump, AC compressor, and power steering pump) are developed in order to calculate the additional fuel consumption. The flexibility of the VESIM environment allows easy integration within the vehicle system simulation.
The complexity of the engine accessory models depends on their interactions with the system and operating conditions. The dynamics of accessories are orders of magnitude faster from the rest of the vehicle system and their inertial effects are much smaller compared to the engine inertia. Therefore, only the steady-state behavior of these devices is necessary in order to capture the dominant power interactions between the engine and accessories. Such a model will accurately predict the engine response and fuel economy.
Under steady state conditions the power steering pump and air conditioning compressor produce a constant torque load that needs to be provided by the engine (see Figure 5 ). The actual values of this torque depend on the operation of the accessory and they will be defined later in the paper. These accessories have a one-way coupling with the engine and vehicle, in contrast with the alternator and oil pump loads that are coupled with the engine speed. All accessories are driven by the engine via belts or gears that are represented in the model by transformer elements (TF).
The accessories are connected to the engine through the crankshaft port that provides the total torque (T ACC ) to drive the accessories.
Given the electric power, P electric , needed by the electronics and AC fan, the required torque at the shaft of the alternator is calculated based on engine speed and alternator efficiency. This is done in the "Alternator" block in Figure 5 and the alternator torque (T A ) is applied to the engine. The electric accessory loads are defined as power requirements, which will also be defined later. The oil pump torque (T OP ) is a function of engine speed and is calculated from a lookup table obtained from experimental data. For the air brake compressor torque, the brake command during driving is used to determine the operation of the compressor. Calculations are performed by the "Air Brake System" block using a dynamic model of the air brake system. This model is depicted in Figure 6 . It consists of the compressor and air tanks (wet, primary and secondary). The compressor model provides the airflow (mass and energy) to fill the air tanks based on engine speed and backpressure from air tanks. In addition, it provides the torque load to the engine. This simplified model is derived from a detailed thermodynamic model with complete cycle dynamics and flow through inlet/exhaust valves.
The air consumption is calculated based on the brake command where for each brake event an amount of air equivalent to the volume of the six brake chambers is removed from the tanks. The model also includes heat transfer effects between the air tanks and the environment. Finally, a governor is used to maintain the air pressure within the working limits for a safe operation of the brakes. In contrast with the other accessories, there is two-way coupling between the air compressor and engine due to the brake command feedback. For electrically driven accessories the model is modified since the accessories are now decoupled from the engine and are driven by the electric power of the FC APU. Therefore, electric motors are used to convert the electric to mechanical power. Design of accessories is unchanged, but their operating speed is assumed to be equivalent to the engine idle speed, which is the minimum speed at which they can have acceptable performance. The alternator is eliminated since the electric loads are directly provided by the FC APU and their electric power is just added to the other power requirements. This model is given in Figure 7 where the GY element represents the motor, which includes the motor constant and mechanical efficiency. The total power (P APU ) that the FC APU must supply to drive these accessories is the sum of power of the electrically driven accessories and direct electric loads (P electric ) given by:
where V BUS is the electric bus voltage, i ACC is the total current drawn by the accessories. PEMFCs are favored over SOFCs due to their more advanced stage of development, material strength and corrosion characteristics, lower operating temperature, manufacturing process, and relatively lower cost. One of the key issues of PEMFC stacks is that they require hydrogen (H 2 ) rich gas with almost-zero carbon monoxide (CO) and sulfur concentration. Since storing hydrogen is generally not desired in military applications, a fuel processor (FP) system is adopted to extract hydrogen from the same fuel that is currently used for propulsion, namely JP8. The fuel processor, also known as fuel reformer, is integrated with the PEMFC to form a self-contained FC APU. Venturi et al. demonstrated the use of a FC APU running on methanol [6] and a synthetic fuel that is similar in chemical composition to JP8 [7] . An APU based on fuel processor plus PEMFC is expected to have lower overall efficiency than an APU based on SOFC due to the multiple processes required to develop the H 2 rich gas [14, 19] . We choose to use a PEM Fuel Cell Auxiliary Power Unit with an on-board fuel processor due to their anticipated early adoption in military applications.
A typical fuel processor (FP) consists of four main reactors shown schematically in Figure 8 . The liquid fuel is first vaporized and supplied to the first reactor, the hydro-desulfurizer (HDS) for Sulfur removal. The cleaned fuel gas is then supplied to the main reformer, which is responsible for the majority of the H 2 conversion. The gas exiting the main reformer is rich in Hydrogen but contains large quantities of CO 2 and CO. Due to the detrimental effects of CO on the PEMFC, additional reactors are needed to remove CO from the gas stream before it is directed to the fuel cell. Carbon monoxide removal is achieved in three separate reactors: the two water gas shift (WGS) and the preferential oxidation (PROX) reactors.
The two most popular chemical processes to convert hydrocarbon fuel to hydrogen include Steam Reforming (SR) and Partial Oxidation (POX). The most common method, steam reforming, is endothermic, well suited for steady-state operation, and delivers relatively high conversion efficiency [16] . However, it suffers from poor transient operation [14] . The partial oxidation process offers several advantages such as compactness, rapidstartup, and responsiveness to load changes [17] , but delivers lower efficiency as shown in Table 1 . the heat required for the endothermic reaction. The efficiencies in the POX-based fuel processor are calculated without assuming utilization of the exothermic heat. This choice leads to low efficiency assumptions for the POX-based FP system. In all cases, the system efficiency is calculated assuming that the gas leaving the FC anode has 8% hydrogen partial pressure. The molar composition of the fuel affects the Partial Oxidation reactor efficiency. The lowest efficiency (54.9%) is observed when Jet fuel, chemically similar to JP8, is used. Despite of the low efficiency, a POX-based fuel processing system is adopted due to its faster start-up and compact characteristics.
FUEL CELL STACK SIZING AND MODELING
The fuel cell stack (FCS) is sized to satisfy the 10 kW peak power identified in the previous sections. The sizing process has many degrees of freedom and has to satisfy many constraints. Design degrees of freedom include the number ( n ) of cells stacked in series, the cell active area ( A ), the reactant supply pressure, and the cooling method. Typical constraints are the desired vehicle operating voltage, the volume, the weight, and the hydrogen supply method. The PEMFC APU is sized using conservative published data, in order to better evaluate its short term benefits instead of their long-term potential.
Figure 9: Schematic diagram of the FC APU system
A liquid-cooled low pressure FC system design is selected because it can operate seamlessly with a fuel processing system that typically operates in nearambient pressure conditions [1] . Its configuration is shown in Figure 9 . Non-equilibrium conditions are neglected and a single polarization curve is utilized to describe the electrical output of a single fuel cell. Specifically, Figure 10 shows the single cell voltage (V fc ) versus current density (i=I fc /A in A/cm 2 ) drawn from the fuel cell. The specific characteristic is obtained from [15] under low reactant pressure. We consider only one steady-state polarization curve for all cells within the stack because the current drawn from the fuel cell stack is controlled so that quasi-steady FC conditions are maintained (see FC APU Control section). Due to the electrical connection of n cells in series the stack current is equal to the single cell current ( 
FUEL PROCESSOR MODELING
The fuel consumption from the Fuel Cell Auxiliary Power Unit is calculated using basic electrochemistry and the conversion efficiency of the fuel processor. Specifically, the hydrogen consumption rate (moles per second) depends on the stack current drawn from the fuel cell system:
where F is the Faraday number (96485 Coulombs).
The fuel consumption rate (moles/sec) is then calculated from the POX FP efficiency: is chosen based on our experience in transient control of a 200 kW natural gas reformer and other published data [12, 18] . Although the system time constant and efficiency actually vary with fuel flow rate (hydrogen flow demand), using a simple first order dynamics with fixed fuel processor efficiency is deemed sufficient for the vehicle system level fuel economy calculations.
FC APU CONTROL
An overview of the FC APU controller that allows integration with the vehicle batteries is shown in Figure  12 . The key objectives of the FC APU controller are to:
-Ensure that the requested power is delivered -Protect the fuel cell stack and fuel processor system from sudden current loads -Supplement fuel cell system power deficit from batteries without depleting them below a threshold state of charge
The fuel consumption calculations are also included in the model to allow direct implementation within VESIM. The input to the FC APU controller is the desired APU power (P APU ). Any power request from the Battery (
is added to the FC APU power requests to provide the total power demand given by: dem req fcs apu bt
The overall fuel cell system power demand The responsiveness of H 2 generation imposes a limitation on how fast stack current can be drawn from the FCS. As discussed before, the FP responds to a step change in hydrogen command with a first order lag in H 2 generation. To avoid H 2 starvation in the FCS anode the current drawn from the fuel cell is always filtered using the FP time constant:
The current drawn from the FCS is then used to calculate the FCS power fcs P using Eq.(3). The FP time constant thus dominates the fuel cell system dynamics.
To support the instantaneous current demands associated with the steering requests or other timecritical functionalities, we employ the existing vehicle battery and integrate it with the FC APU. The deficit between the demanded power from the APU ( apu P ) and the power delivered by the FCS is supplemented by the vehicle batteries. However, to avoid battery depletion, a separate battery controller is designed which is explained in the next section.
BATTERY STATE OF CHARGE CONTROLLER
The original FMTV battery pack (four 14V 6MTF LeadAcid batteries) is used to supplement the FC APU power output during pulsed load demand. The power requested and drawn from the battery is:
bt apu fcs other 
The controller gain c k is adjusted based on the desired speed for charging the battery.
MISSION PROFILE/ACCESSORY DUTY CYCLE
Fuel consumption is heavily dependent on the operation of the vehicle. For accurate and representative predictions, a mission profile based on the typical use of the FMTV truck is needed. The mission is separated into driving and silent watch as described below.
DRIVING
The design study is focusing on fuel economy improvement as the FMTV truck carries out a typical mission. This mission is described by a speed profile (driving cycle) that the truck must maintain as it drives over an uneven road profile. The specific road and speed profiles, which consist of city, highway, and crosscountry roads, shown in Figure 13 , represent a typical mission of the FMTV vehicle. Note that the beginning of the cycle represents the primary and secondary roads with a flat surface and frequent accelerations and decelerations. In the third, cross-country part, driver attempts to maintain constant speed on roads with uneven profile. The driver model adjusts the throttle and brake signal in order for the vehicle to follow the prescribed speed profile. In addition, the engine needs to provide power for the air conditioner and on board electronics according to the duty-cycle described in the next section. A power steering model is also included in the mission for more realistic fuel economy predictions. The selected model is very simple with a predefined torque load applied to the engine. The torque varies from a high value when the vehicle steers, to low when it drives straight with no steering. This results in a steering torque pulses when the vehicle steers. The duration of the pulses is set to 2 seconds and the low and high torque values are determined from measurements.
The timing of the pulses (steering event) is defined using a statistical approach. A steering event is initiated based on a steering probability that represents typical driver/vehicle steering behavior as a function of vehicle speed (see Figure 14) . At zero speed the steering probability is zero; however, it rapidly increases as the vehicle starts to move, reaching its maximum at a vehicle speed of 7 mph. After that point, the steering probability slowly decreases in order to return to zero at 100 mph (theoretical). The shape of this probability is based on a gamma distribution. The probability distribution is used along with the total usage of steering to generate the steering cycle. The overall steering usage depends on the driving conditions and it can be determined from previous SAE studies/standards [26] . For the driving cycle considered in this study, the steering usage is 60% for secondary roads, 10% for primary roads, and 35% for cross-country. Using this information and the probability distribution for steering the time history of the power steering pump torque is generated as shown in Figure 15 . For example, in the case of primary roads we see frequent steering at low speeds due to the high probability, while higher speeds show sporadic usage. The cabin auxiliary loads come from electronics, radio, and ventilation/air conditioning that the driver and soldiers use in the cabin during driving and standby conditions. These loads appear in the form of electric power and are assumed to be the same for both driving and standby conditions, as long as the truck is manned and performing a mission.
More specifically, the electronics load is assumed constant at 0.6 kW since all these devices are turned on throughout the entire time that the vehicle is on a mission. The radio load is assumed to have a peak value of 0.6 kW (zero when not used), and it occurs during 6% of the mission time. The duration of each interval of usage (pulse) is 40 seconds, which is randomly distributed over time.
Finally, the air conditioning is assumed to have a periodic use with 3.4 kW peak power consumption and a period of 8 minutes. In addition, the air conditioning stays on for 2 minutes each time it is turned on, which is representative operation of commercial air conditioning systems. To determine the total power consumption, the power requirements for the three devices are added. This produces the duty cycle shown in Figure 16 , with a peak electric load of 4.6 kW and a minimum of 0.6 kW. 
SIMULATION RESULTS
The study of the silent watch was performed first. Fuel consumption predictions were obtained for the ten-hour silent watch mission, using the accessory loads and duty cycles described previously. Two vehicle configurations were compared: one relying on the main propulsions diesel engine to generate power, and the other using a 10 kW FC APU. In the baseline vehicle, the 246 kW engine was operated at near-idle conditions to support both electrical and mechanical loads. Summary of results is shown in Table 2 . The effect of avoiding inefficient engine operation at near-idle conditions and replacing it with the FC APU is impressive. The fuel consumption decreases from 8.6 gallons to 1.5 gallons with the APU, an 82.6% reduction.
The distribution of visitation points across the FCS load range during 10 hours of silent watch shown in Figure 17 helps explain the benefits. The fuel cell is relatively oversized for silent watch, since it has to accommodate the additional loads during driving. Consequently, the operating points are concentrated in the low current region. Contrary to engines that obtain their peak efficiency at high loads, the fuel cell achieves its best efficiency at very low loads, hence the big impact of replacing engine idling with a FC APU. The FCS average efficiency is 50% and the FP conversion efficiency is 55%, thus the overall FC APU efficiency is 28%. It is clear that reforming of the complex fuel significantly diminishes the overall efficiency to a level attainable with a small diesel powered APU. Nevertheless, the low thermal signature and noise level of the fuel cell APU makes it attractive. The efficiency results rely on the current level of technology and represent a realistic short-term outlook, while expected advances of the fuel cell and reforming technology could significantly improve the long-term perspective. The effect of FC APU during driving was evaluated through simulations over the previously described vehicle duty cycle. Four vehicle system configurations were considered: baseline diesel hydraulic hybrid truck, vehicle with the FC APU added, vehicle with the FC APU and power management strategy allowing engine shut-downs when the vehicle is stopped, and finally the configuration that includes engine downsizing (or derating) to 95% of the original power plant. The overall fuel economy results are summarized in Table 3 .
The first of the three proposed vehicle designs with the FC APU improves fuel economy over a typical driving schedule by 5.8%. The savings are in part due to the reduction of the diesel propulsion fuel consumption, and in part due to the reduction of fuel consumed for powering accessories. The latter can be attributed to two factors: reduced energy consumption of the controllable, electrified accessories and relatively efficient energy conversion in the APU. Normally the hydraulic hybrid powertrain does not allow engine shutdowns, since engine needs to run the essential accessories at all times. However, electrification of the power steering and air brake compressor allows safe shut-downs, thus increasing the fuel economy benefit to 9.2%. Downsizing the engine by 5% provides only an incremental improvement. Obviously the majority of engine visitation points are in the mid-load range of the engine where small changes of relative load do not have a dramatic impact on specific fuel consumption. Figure 18 shows the engine visitation points as function of speed and load, and illustrates the effect of electrifying accessories and power management strategies on the diesel engine. First of the enlarged sections from right-to-left shows a large number of operating points at low load and idle speed, corresponding to the engine in the baseline vehicle overcoming losses in the torque converter and running the accessories while the vehicle is stopped. The second enlarged section shows changes brought about by electrification of accessories and connecting them to the APU: there are much fewer engine operating points at near idle condition, with a single large spike associated with the engine overcoming the loss in the torque converter during idling. The last insert, far left, indicates further dramatic reduction in the number of near-idle points in case when the engine is being shutdown during extended vehicle stops. Since the very low load engine operation represents the least efficient region, elimination of near-idle points directly and significantly benefits the overall propulsion system efficiency. The savings realized through the dramatic reduction of the time the engine spends at near-idle conditions are in part offset by the effect of decoupling the accessories from the engine and thus changing the relative position of operating points on the Break Specific Fuel Consumption (BSFC) map.
Mechanically
In short, the engine operating point in the baseline system is determined by the sum of the propulsion power and the accessory power. If the accessory power is removed, the relative load of the engine decreases. This means that the point moves downward on the engine BSFC map as shown in Figure 19 . If this happens in the low-to-mid speed and part load region, the effect can be relatively significantsee example "A" in Figure 19 . However, at higher speeds and loads, the effect might be non-existentexample "B" on Figure 19 . In the particular study, the overall effect was not very large, given the very small change between runs with the regular engine and the downsized (95%) engine. However, in case larger accessories are decoupled and connected to the Auxiliary Power Unit, engine downsizing would be highly recommended in order to avoid any offsets of fuel economy gains. The effect of unloading the engine due to decoupling of the accessories on its efficiency: 'stars' mark operating points with accessories, and 'circles' the corresponding points without accessories.
During driving, the simultaneous operation of cabin accessory devices and engine/drivetrain accessories causes very dynamic APU load changes. Figure 20 shows the instantaneous desired FC APU power (solid), the power delivered by the fuel cell stack (dashed), and the corresponding battery power during a portion of the driving cycle. Whenever the rate of change of load exceeds the ability of the FC system to respond, e.g. when driver suddenly turns the steering wheel, the battery compensates as indicated by the spikes in battery power plot in Figure 20 . Note that at the end of the event, e.g. when the steering wheel returns to neutral position, the FC system does not return instantaneously to zero load but slowly ramps down as dictated by the first order lag response. During the power-down events, the FC automatically recharges the battery by using the generated hydrogen from the FP system instead of purging it -see the spikes with the opposite sign in Figure 20 . This eliminates the need for a high gain controller for battery recharging. The distribution of FC visitation points during the driving cycle is shown in Figure 21 . In this case, the increased power demand due to the addition of electrified engine/drivetrain accessories moves a number of points towards the high current region, with detrimental effects on average FC efficiency that drops to 47%. The overall FC APU efficiency is as low as 26%. Finally, an attempt is made to assess the realistic impact of the electrification and the use of FC APU from the point of view of the fleet operator and logistics planner. To this end, a hypothetical FMTV truck work day is considered, consisting of 10 hours of driving, 10 hours of silent watch and 4 hours of rest. In this scenario, the daily fuel consumption is reduced from 51.9 to 41.5 gallons, which represents a 20.1% improvement of fuel economy and potential extension of vehicle range by roughly 70 miles.
CONCLUSIONS
The simulation study quantifies the fuel economy benefits of a combined approach of using the Fuel Cell Auxiliary Power Unit (FC APU) for supporting the silent watch requirements, and for powering the selected electrified engine accessories during driving. Models of the low pressure PEM fuel cell stack and the JP8 partial oxidation reformer were derived, accounting for the efficiency of main energy/chemical conversion devices, as well as the effect of fuel choice on overall system efficiency.
The virtual vehicle is based on the comprehensive model of the 5-ton, Family of Medium Tactical Vehicles (FMTV) 6x6, Class VI truck with hydraulic hybrid propulsion system, previously modeled in the Automotive Research Center. The silent watch mission defines the use of advanced communication, navigation, computer and Air Conditioning (A/C) and Nuclear Biological and Chemical (NBC) protection systems. The engine/drivetrain accessories decoupled from the engine were the engine oil pump, the air brake compressor and the power steering pump. The peak power requirements of all electrified accessories were estimated at 11.4 kW, out of which 4.6 kW is the peak silent watch power. The fuel cell APU was sized for 10 kW output, assuming that the battery will provide a buffer in case of rare maximum power peaks.
Simulation of the ten-hour silent watch mission indicates the potential for a six-fold improvement of fuel economy compared to the option of idling the diesel engine normally used for propulsion. The results emphasize the fact that the APU eliminates the most inefficient engine operation at very low loads, and replaces it with efficient part load operation of the relatively oversized Fuel Cell system. Fuel savings over the FMTV's combined onoff-road driving schedule were relatively modest at ~6%. The benefits come from operating the controllable electrified components at the optimum conditions, independently of engine speed, and efficient power generation by the FC APU. However, this is somewhat offset by the fact that unloading the accessories from the main-engine moves its operating points to regions of slightly higher specific fuel consumption. Strategically selected engine and drivetrain accessories allow engine shut-downs when the vehicle is stopped, increasing the fuel economy improvement to ~9%.
Compounded fuel economy benefits calculated over the hypothetical daily military mission with a combined highway/local/off-road driving for 10 hours and silent watch for 10 hours, are ~20%. All results were obtained assuming conservative estimates of fuel cell efficiencies attainable in the short term. Reformer efficiency is also low at ~50% due to the fact that it processes a complex fuel (JP8). Fuel choice was dictated by the application of the APU on a military truck. Projected advances in the fuel cell and reformer technology would improve the long term fuel economy potential, and reduce the space and packaging burden.
